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Abstract

c-Ros oncogene 1, receptor tyrosine kinase (ROS1) genomic rearrangements have been

reported previously in rare cases of colorectal cancer (CRC), yet little is known about the

frequency, molecular characteristics, and therapeutic vulnerabilities of ROS1-driven CRC.

We analyzed a clinical dataset of 40 589 patients with CRC for ROS1 genomic rearrange-

ments and their associated genomic characteristics (Foundation Medicine, Inc [FMI]). We

moreover report the disease course and treatment response of an index patient with

ROS1-rearranged metastatic CRC. ROS1 genomic rearrangements were identified in

34 (0.08%) CRC samples. GOPC-ROS1 was the most common ROS1 fusion identified

(11 samples), followed by TTC28-ROS1 (3 samples). Four novel 50 gene partners of ROS1

were identified (MCM9, SRPK1, EPHA6, P4HA1). Contrary to previous reports on fusion-

positive CRC, ROS1-rearrangements were found exclusively in microsatellite stable (MSS)

CRCs. KRASmutations were significantly less abundant in ROS1-rearranged vs ROS1 wild

type cases. The index patient presented with chemotherapy-refractory metastatic right-

sided colon cancer harboring GOPC-ROS1. Molecularly targeted treatment with crizotinib

induced a rapid and sustained partial response. After 15 months on crizotinib dissemi-

nated tumor progression occurred and KRASQ61H emerged in tissue and liquid biopsies.

ROS1 rearrangements define a small, yet therapeutically actionable molecular subgroup

of MSS CRC. In summary, the high prevalence of GOPC-ROS1 and noncanonical ROS1

fusions pose diagnostic challenges. We advocate NGS-based comprehensive molecular

profiling of MSS CRCs that are wild type for RAS and BRAF and patient enrollment

in precision trials.

Abbreviations: CAP, College of American Pathologists; cfDNA, cell-free DNA; CGP, comprehensive genomic profiling; CLIA, Clinical Laboratory Improvement Amendments; CNV, copy-number

variations; CRC, colorectal cancer; FFPE, formalin-fixed paraffin-embedded; FISH, fluorescence in situ hybridization; FMI, Foundation Medicine, Inc; gLOH, genome-wide loss of heterozygosity;

IHC, immunohistochemistry; mCRC, metastatic CRC; MSI-H, microsatellite instable; MSS, microsatellite stable; Muts/Mb, mutations per megabase; NGS, next-generation sequencing; NSCLC,
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What's new?

The frequency, molecular characteristics, and therapeutic vulnerabilities of ROS1-driven colorec-

tal cancer remain largely unknown. Using a clinical dataset of 40 589 colorectal cancer patients,

here the authors characterize the rare but highly actionable molecular colorectal cancer sub-

group harboring genomic rearrangements of the receptor tyrosine kinase ROS1. They show that

GOPC-ROS1 is the most common ROS1 fusion and that unlike previously-described fusion onco-

genes, ROS1 rearrangements occur exclusively in microsatellite-stable colorectal cancers.

Moreover, they report the treatment course of an index patient, underlining the diagnostic

challenge and therapeutic potential of ROS1 targeting in colorectal cancer.

1 | INTRODUCTION

ROS1 genomic rearrangements in colorectal cancer (CRC) have been

reported previously.1-6 However, for CRC, only limited information is

available on the prevalence of ROS1 fusion oncogenes, their genomic

characteristics and molecular context, as well as the clinicopathologi-

cal features and therapeutic vulnerabilities of ROS1-rearranged CRC

toward ROS1 inhibitors. Globally, up to 2.5% of CRCs harbor fusion

oncogenes, and genomic rearrangements have been identified for

RET, ALK, NTRK, ROS1, BRAF and FGFR.7-12 Of note, oncogenic

fusions in CRC have been reported to be strongly enriched in

hypermutated microsatellite instable (MSI-H) tumors,1,6,13-15 with

yet to be defined consequences for the targeting strategy for

these tumors. Clinical data on molecularly targeted treatment of

ROS1-positive CRC are very limited,6 which stands in stark con-

trast to ROS1-driven nonsmall cell lung cancer (NSCLC), for which

exist elaborate testing and targeting algorithms based on prospec-

tive clinical trials.16-18

The ROS1 gene is localized on chromosome 6 (region 6q22.1) and

encodes a receptor tyrosine kinase with a large extracellular domain

(exons 1-32), a transmembrane (exon 33) and an intracellular kinase

domain (exons 36-41).19 The pathogenic breakpoints usually occur

within introns 31 to 35,20,21 preserving ROS1 kinase domain while

quenching the majority of the ROS1 extracellular domain, and, redir-

ecting subcellular distribution of the fusion protein.19 ROS1 fusions

arise through either intrachromosomal (eg, GOPC-ROS1) or interchro-

mosomal (eg, CD74-ROS1) translocations. Downstream signaling of

ROS1 activates the MAPK,7 PI3K-AKT-mTOR, JAK-STAT322,23 and

VAV3-RHO pathways, as well as the tyrosine phosphatase SHP2.19

While ROS1 mutations, amplifications and overexpression do not hold

clear independent oncogenic potential, ROS1 rearrangements act as

oncogenic drivers and have been reported across 22 distinct types of

malignancies, recombining with >55 known 50 fusion partners.19,24

These fusions lead to ROS1 hyperfunction due to ligand-independent

activity of the tyrosine kinase domain.19 ROS1 fusions previously

reported in metastatic CRC (mCRC) are limited to a small number of

cases with GOPC-ROS1,4,5,7 SLC34A2-ROS13 and TTC28-ROS1.5

Reported clinical data for targeting ROS1 fusions in CRC is, to our

knowledge, restricted to a single case6 and no data on the molecular

mechanisms of acquired resistance to ROS1-targeted treatment have

been reported for CRC.

Here, we investigated 40 589 patients with CRC receiving geno-

mic profiling during routine care, for the presence of ROS1 rearrange-

ments. We describe the prevalence and molecular characteristics of

the identified ROS1 fusions, as well as the molecular landscape of

ROS1-positive CRC. Additionally, we present an index clinical case

harboring GOPC-ROS1, illustrating diagnostic challenges as well as the

therapeutic potential of ROS1-positive CRC.

2 | MATERIALS AND METHODS

2.1 | Patient cohort

A review of the Foundation Medicine (FMI) CRC dataset compris-

ing 40 589 patients was performed to extract all patients with

ROS1 rearrangements identified by FoundationOne or Foundatio-

nOneCDx assays between 2014 and 2021. Approval for our study,

including a waiver of informed consent and a Health Insurance

Portability and Accountability Act (HIPAA) waiver of authorization,

was obtained from the Western Institutional Review Board Protocol

No. 20152817. All patient cases were sent to Foundation Medi-

cine, Inc for comprehensive genomic profiling (CGP) testing during

routine clinical care. Site of specimen was extracted from accom-

panying pathology reports. We further report an index patient

undergoing treatment for ROS1-positive mCRC at our institution.

The patient provided written consent to publication of her clinical

and molecular data.

2.2 | Statistical analysis

Comparative frequency of genomic alterations between patient sub-

groups was assessed with the Fisher's exact test. Adjustment for mul-

tiple comparisons was performed using the Benjamini-Hochberg

procedure, with P values ≤.05 considered to be statistically significant.
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2.3 | ROS1 immunohistochemistry and
fluorescence in situ hybridization

Immunohistochemistry (IHC) staining for ROS1 was performed on

2 μm thick formalin-fixed paraffin-embedded (FFPE) tumor tissue

sections using two distinct antibodies for ROS1: the rabbit mono-

clonal antibody clone D4D6 (Cell Signaling Technology) at 1:100

dilution, and the rabbit monoclonal antibody clone SP384 (ready

to use antibody, Ventana ). The lung adenocarcinoma cell line

HCC-78 with known SLC34A2-ROS1 rearrangement was used as

positive control. Two experienced board-certified pathologists

assessed ROS1 IHC expression. The IHC cytoplasmic staining was

qualified as 0 (negative), 1+ (weak), 2+ (moderate), or 3+ (strong).

As there are no standardized cut off values, Score 1+ in any per-

centage of tumor cells was considered positive (requiring further

testing).

Fluorescence in situ hybridization (FISH) assays were performed

using a ROS1 break-apart probe set (Abbott, Illinois), which hybrid-

izes with the 50 telomeric (labeled with Spectrum Orange) a 30 cen-

tromeric (labeled with Spectrum Green) sequence of the ROS1 gene.

A minimum of 50 tumor nuclei were evaluated with a Zeiss Axio

Imager Z2 fluorescent microscope. The assay was considered posi-

tive when ≥15% of the tumor cells exhibited break-apart or separate

green signals.

2.4 | DNA sequencing

FoundationOneCDx and an earlier version of the assay, Foundatio-

nOne, are CGP assays performed in a Clinical Laboratory Improve-

ment Amendments (CLIA)-certified and College of American

Pathologists (CAP)-accredited laboratory (Foundation Medicine,

Inc). Hybrid capture was performed for at least 324 genes to

detect base substitutions, insertion and deletion alterations, copy

number alterations and gene rearrangements25 (Table S1). An ana-

tomic pathology board certified pathologist reviewed each sam-

ple's hematoxylin and eosin stained slide under light microscopy to

determine suitability for CGP testing (at least 20% tumor nuclei

present) and the diagnosis of the sample (the accompanying

pathology report is also used to help determine diagnosis). The

tumor mutational burden (TMB) was determined on 0.8 to 1.1 Mb

of sequenced DNA, as previously described.26 A TMB of 10 or

more mutations per megabase (Muts/Mb) was considered TMB-

high (TMB-H). Assessment of microsatellite instability was per-

formed from DNA sequencing using a principal component analysis

from compiling intronic homopolymer repeat loci.26,27 Genome-

wide loss of heterozygosity (gLOH) was calculated as previously

described, with samples with a gLOH of at least 16% of the

genome considered as LOH high.28,29 The sequencing coverage

and quality statistics for each sample are summarized in Table S1.

The list of genes/regions included in the FoundationOne CDx

targeted NGS assay is summarized in Table S2.

2.5 | RNA panel sequencing

The Ion Torrent Oncomine Focus Assay (RNA part) was performed

(Thermo Fisher Scientific). Following deparaffinization, RNA was

extracted from FFPE tumor samples using Maxwell 16 System Purifi-

cation Kit (Promega) and concentration measured with Qubit 2.0 fluo-

rometer (Life Technologies). Ten nanograms of RNA was reverse

transcribed to cDNA (Superscript VILO, Invitrogen). cDNA was used

for library preparation following manufacturer's instructions. Next-

generation sequencing (NGS) libraries were templated using Ion Chef,

sequenced on an Ion S5 System (Thermo Fisher Scientific) and ana-

lyzed using Ion Reporter Software 5.14 (Oncomine Focus w2.6—

Fusions—Single Sample, default settings). The sequencing coverage

and quality statistics for the analyzed sample are summarized in

Table S3.

2.6 | Cell-free DNA assay

OncomineTM Pan-Cancer Cell-free assay interrogates 52 genes for

the presence of mutations, small insertion/deletions, copy number

alterations and fusions. Shortly, circulating cell-free DNA (cfDNA)/

RNA was isolated using Qiagen Circulating Nucleic Acid Kit

(Qiagen). The cfDNA/RNA concentration was measured with Qubit

and up to 50 ng (cfNT) were used for NGS library preparation.

Emulsion-PCR, enrichment and chip loading was carried out on the

Ion Chef, followed by sequencing on the Ion S5 System. The proto-

cols from Thermo Fisher Scientific (Massachusetts) were followed in

all steps. Alignment, variant calling, and annotation was performed

with the Ion Reporter software 5.14 workflow from Thermo Fisher

Scientific (Oncomine TagSeq Pan-Cancer Liquid Biopsy w2.3—Single

Sample, default settings).

3 | RESULTS

3.1 | Prevalence and molecular characteristics
of ROS1 genomic rearrangements

We analyzed sequencing data of 40 589 primary and metastatic CRC

samples from the FMI CRC cohort for the presence of ROS1 genomic

rearrangements. The following histological subtypes were included:

colon adenocarcinoma (n = 33 440), rectal adenocarcinoma

(n = 6993), rectal squamous carcinoma (n = 147), colon adenosqua-

mous carcinoma (n = 9). All samples within the cohort had been sub-

mitted for testing during routine clinical care and underwent targeted

DNA sequencing with FoundationOne or FoundationOneCDx assays.

ROS1 rearrangements (ROS1 RE+) were detected in 34/40589

(0.084%) of cases (Figure 1A). GOPC was the most frequently

detected 50 ROS1 fusion partner in our cohort (11/34 of ROS1 RE+

samples) followed by TTC28 (3/34 samples). Other identified fusion

partners were noncanonical (DCBLD1) or previously undescribed
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(EPHA6, P4HA1, SRPK1, MCM9) (Figure 1B). For 14/34 samples,

breakpoints were detected between introns 30 and 35 of ROS1, sug-

gesting a potentially pathogenic event, however, partner breakpoints

were not uniquely mapped or were intergenic, such that no fusion part-

ner could be definitively identified (Figure 1B). One case was annotated

as an intragenic ROS1 rearrangement. The prevalence of 0.084% for

CRC was significantly below the 0.23% (740/324103 samples) of ROS1

rearranged tumors identified within the overall pan-solid tumor cohort

(P < 10�5), with NSCLC and glioma showing the highest abundance of

ROS1 rearrangements of all tumor types with 0.68% (431/63608) and

0.40% (42/10398), respectively (Figure 1C, Table S4).

The predicted genomic structures of the identified ROS1 rearrange-

ments are illustrated in Figure 2. For 17/34 ROS1 RE+ CRC samples, the

breakpoint in ROS1 was located within intron 34, for 6/34 in intron

32, 4/34 in intron 31 and 3/34 in intron 33; single cases with breakpoint

in introns 30 and 35 were also identified (Figure 2A). Two cases had ROS1

breakpoints within exonic regions (one each in exon 31 and exon 35), both

translocated onto intergenic fusion partners (Figure 2A). The resulting

fusion genes are depicted in Figure 2B. The canonical shorter variant of

GOPC-ROS1 (breakpoint in intron 35) is the most commonly identified

ROS1 fusion in our CRC cohort (10/34 ROS1 RE+ samples). TTC28 with

variable breakpoints is the other previously described recurrent ROS1

fusion partner.5 Several other singleton 50 fusion partners were identi-

fied (Figure 2B). DCBLD1-ROS1 is the result of a microdeletion on chro-

mosome 6q22.1, previously found to express a GOPC-ROS1 fusion

transcript in glioma.30 Of the newly identified ROS1 rearrangements,

fusions with MCM9 and SRPK1 are intrachromosomal while rearrange-

ments with EPHA6 and P4HA1 are interchromosomal. MCM9 is located

on 6q22.31 and MCM9-ROS1 is the result of a microdeletion of less

than 2 megabases, while SRPK1 is localized at 6p21.3.1. Based on their

structure, all fusions with identified 50 fusion partners are predicted to

be activating, leaving the kinase domain of ROS1 intact (Figure 2B).

3.2 | Molecular landscape of
ROS1-rearranged CRC

We next analyzed concomitant molecular alterations found in ROS1

RE+ CRCs. Importantly, within this large cohort, no ROS1 rearrange-

ments were detected in MSI-H tumors (0/2003 MSI-H tumors) while

33/34 ROS1 rearrangements occurred in confirmed microsatellite-

stable (MSS) tumors (Table 1 and Figure 3A). In agreement with this,

median TMB and the proportion of TMB high tumors, as defined by a

TMB ≥10 Muts/mb, was similar between ROS1 RE+ and ROS1 RE�
CRCs. Similarly, no differences in median genomic loss of heterozy-

gosity (gLOH) score or the proportion of tumors with LOH high

(defined by an gLOH score of 16 or higher) were found between

ROS1 RE+ and ROS1 RE� CRCs (Table 1 and Figure 3A). The most

frequent concomitant genomic alterations in CRCs with ROS1 rearran-

gements were single nucleotide variants (SNVs) in APC (82.4%) and

TP53 (79.4%) (Figure 3B, Table S5). Overall, the comutational land-

scape of ROS1 RE+ and ROS1 RE� CRCs was similar with respect to

single nucleotide variants (SNVs), copy-number variations (CNV) and

structural rearrangements (Figure 3B, Figure S1), with the sole excep-

tion of KRAS mutations, which were significantly less abundant in

ROS1 RE+ CRCs (6/34 (17.7%) of ROS1 RE+ vs 19 576/40555

(48.3%) ROS1 RE� CRCs, P < .01; Figure 3B,C; Tables S5 and S6).

With respect to patient and tumor characteristics, there was no sex

preference or differential distribution between colon and rectum for

ROS1 RE+ vs ROS1 RE� CRCs (Table 1).

F IGURE 1 Frequency of ROS1 rearrangements and fusion partners in CRC. (A) Prevalence of ROS1 fusions in CRCs; 0.08% of CRC samples
harbored ROS1 genomic rearrangements. (B) 50 fusion partners of ROS1 across 34 identified CRC cases with ROS1 genomic rearrangements.
(C) Prevalence of genomic ROS1 rearrangements across different tumor entities within the FMI solid tumor cohort. The overall frequency of ROS1
rearrangements is analyzed solid tumors is 0.23%. CRC, colorectal cancer; FMI, Foundation Medicine, Inc; RE, rearranged
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3.3 | Clinical presentation of index case
and identification of GOPC-ROS1

A 48-year-old female was referred to our center with a hitherto

chemotherapy-refractory metastatic right-sided colorectal cancer,

following two lines of state-of-the-art systemic treatment. Initial

tumor stage had been pT4a, pN1b (3/31), cM1a (HEP). Initial molecu-

lar profiling (Sanger Sequencing and IHC) had shown KRAS, NRAS and

BRAF wild type, HER2 score 0, and normal expression of mismatch

repair proteins MLH1, MSH2, MSH6 and PMS2 (data not shown). The

patient had experienced disease progression as best response during

first line chemotherapy with FOLFOX (5-FU, leucovorin, oxaliplatin),

as well as second line treatment with FOLFOXIRI (5-FU, leucovorin,

oxaliplatin, irinotecan) plus bevacizumab. Following a 3-month period

of third line treatment at our institution with FOLFIRI (folinic acid,

5-fluorouracil and irinotecan) plus cetuximab, combined with hepatic

intraarterial floxuridine treatment, peritoneal and hepatic disease progres-

sion occurred (Figure 4A, Figure S2). Following our internal diagnostic

algorithm for stage IV CRC (Figure S3), we performed comprehensive

next-generation sequencing (FoundationOne CDx) of a tumor biopsy,

which detected GOPC-ROS1 in a KRAS, NRAS, BRAF wild type,

microsatellite-stable tumor with a TMB of 4 (Figure 4B). We per-

formed targeted RNA panel sequencing (Oncomine Focus Assay),

which confirmed high read counts of GOPC-ROS1 on transcript level

(Figure 4B). ROS1 IHC staining showed negative tumor cell staining

with ROS1 antibody clone D4D6 (Cell Signaling Technology,

Figure 5A), however positive staining with clone SP384 (Ventana,

Figure 5B). Additionally, ROS1 FISH was negative, as previously

described for GOPC-ROS131,32 (Figure 5C).

3.4 | Molecularly targeted treatment with
crizotinib

The patient was switched to fourth line off-label treatment with crizo-

tinib and experienced a rapid and sustained clinical and radiologic

response (Figure 4A,C). Symptomatic oligo-progression with two peri-

toneal lesions occurred after 11 months on crizotinib, and stereotactic

body radiation therapy (SBRT) with 5 � 9 Gy (45 Gy) was performed.

After 15 months on crizotinib, disseminated peritoneal and hepatic

tumor progression occurred (Figure 4C). We performed tumor tissue

and liquid biopsies, both uncovering the emergence of KRAS Q61H at

high allele frequencies within an otherwise unchanged tumor molecu-

lar profile (Figure 4B). The patient was switched fifth line treatment

with trifluridine/tipiracil (TAS-102), however her overall clinical condi-

tion deteriorated rapidly.

F IGURE 2 ROS1 fusion structure in CRC. (A) Schematic representation of ROS1 breakpoints located in introns 30 to 34, and exons
31 and 35 of the extracellular and transmembrane ROS1 domain. (B) Schematic of predicted intron-exon structure of identified ROS1 fusions
GOPC-ROS1, DCBLD1-ROS1 and MCM9-ROS1 fusions occur caused by microdeletions within the chromosomal region 6q21
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4 | DISCUSSION

Triggered by the reported index case, we analyzed a large cohort of

CRC cases for the presence of ROS1 genomic rearrangements. We

find that ROS1 rearrangements are rare genomic events in CRC, with

a prevalence of less than 1 in 1000 patients. Individual cases of ROS1

rearrangements in colorectal cancer have been reported previously.1-6

However, to our knowledge, our analysis queried the hitherto largest

CRC cohort and reports the most comprehensive analysis of ROS1

rearrangements in this tumor entity, uncovering several further

aspects with respect to fusion partners, concomitant molecular

landscape, and clinical strategy.

The analyzed FMI CRC cohort can be considered a large real-

world molecular data base, since all cases had been submitted for

molecular profiling during routine treatment. Despite susceptibility for

bias, the distribution of key molecular features of CRC across the

cohort (50% mutations in KRAS, 4% NRAS, 10% BRAF, 5% microsatel-

lite instability), is in excellent agreement with other CRC cohorts and

trial populations33,34 suggesting that the various molecular subgroups

of CRC are well-represented. Another strength of our cohort is analy-

sis of all samples with the very same NGS assays (FoundationOne and

FDA-approved FoundationOneCDx), with rigorous quality controls.35

A relevant limitation of the cohort in the context of fusion oncogenes

is that expression of the identified rearrangements cannot be con-

firmed and further characterized on genomic, transcript and protein

level, as we undertook for the reported index case. Another limitation

of the cohort is the lack of more detailed clinical data, which pre-

cluded the analysis of relevant clinical characteristics for the cohort

including tumor sidedness, metastatic pattern, histopathologic fea-

tures, response to state-of-the-art chemotherapy and survival end-

points, which in the context of CRC fusion oncogenes have been

reported by others for smaller cohorts.6 The hitherto largest cohort

with detailed clinical data analyzed 27 fusion-driven CRC including

3 patients with ROS1 rearrangement and reported a significant associ-

ation with higher age, right-sided primary tumors, lymphatic spread

and poor overall survival independent of microsatellite instability.1 In

our cohort, we observed no significant age difference between ROS1

RE+ and ROS1 RE� patients (median 62 vs 60 years, Table 1). How-

ever, our index patient's disease course strongly echoed the overall

poor outcome of fusion-driven mCRC. Clinical features specifically of

ROS1-positive tumors have best been studied for NSCLC, where

ROS1 fusions are enriched in younger nonsmoker patients, tend to

metastasize to the brain, however, appear to be associated with a

more favorable outcome than ROS1-negative tumors.36,37

Our data indicate that GOPC-ROS1 is the most common ROS1

fusion in CRC, which is in agreement with previously reported individ-

ual cases.1,4 GOPC-ROS1 was the first identified ROS1 fusion38 and

appears to be a predominant alteration in glioma30 and other non-

NSCLC tumors.5 Interestingly, DCBLD1-ROS1 (n = 1) induces expres-

sion of a GOPC-ROS1 fusion transcript.30 None of the canonical ROS1

fusions found in NSCLC19 (eg, CD74-ROS1, EZR-ROS1, SDC4-ROS1)

were present in our CRC cohort, indicating significant site- and entity-

specific differences in the molecular landscape of ROS1 fusion onco-

genes and the underlying pathogenic mechanisms. It is also notable

that 14/20 translocations with identified fusion partners in CRC are

intrachromosomal rearrangements, with only 5/20 samples showing

interchromosomal rearrangements. Four identified 50 fusions partners

of ROS1 have not been previously described.5 MCM9-ROS1 is the

result of a microdeletion on chromosome 6q22, making a strong case

for a pathogenic event. SRPK1-ROS1 is an intrachromosomal rearran-

gement, while EPHA6-ROS1 and P4HA1-ROS1 are interchromosomal

TABLE 1 Clinicopathological characteristics of ROS1 RE (+) vs
ROS1 RE (�) CRCs

n = 40 589

Characteristics
ROS1 RE
(+) (n = 34)

ROS1 RE (�)
(n = 40 555)

Age—median (IQR) (y) 62.0 (54.8-69.8) 60.0 (51-69)

Histological subtype (%)

Colon adenocarcinoma

(n = 33 440)

27 (79.4) 33 413 (82.4)

Rectum adenocarcinoma

(n = 6993)

6 (17.6) 6987 (17.2)

Rectum squamous cell

carcinoma (n = 147)

1 (2.9) 146 (0.4)

Colon adenosquamous

carcinoma (n = 9)

0 (0.00) 9 (0.02)

Sex—n (%)

Female 15 (44.1) 18 356 (45.3)

Male 19 (55.9) 22 176 (54.7)

Unknown 0 (0.0) 23 (0.0)

Analyzed tumor-sample—n (%)

Local tumor 14 (41.2) 20 844 (51.4)

Metastasis 14 (41.2) 15 125 (37.3)

Lymph node 1 (2.9) 1311 (3.2)

Unknown 5 (14.7) 3235 (8.0)

MSI status—n (%)

Available 33 (97.1) 39 359 (97.1)

MSI-H 0 (0.0) 2003 (5.1)

Unknown 1 (2.9) 1196 (2.9)

LOH score—n (%) 24 (70.6) 24 931 (61.5)

Available 5.62 (4.24-9.50) 6.01 (3.23-9.44)

Median LOH score

(IQR)

LOH-high 2 (8.3) 1390 (5.6)

Unknown 10 (29.4) 15 624 (38.5)

TMB—n (%)

Available 34 (100.0) 40 554 (100.0)

Median (IQR) 3.75 (1.74-5.22) 3.75 (1.74-6.78)

TMB-high 2 (5.9) 3492 (8.6)

Unknown 0 (0.0) 1 (0.0)

Abbreviations: IQR, interquartile range; n, number of samples; RE,

rearrangement.
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events. To this date, more than 55 fusion partners of ROS1 have been

described illustrating profound molecular heterogeneity of ROS1-

driven tumors.19

Fourteen of the identified ROS1 rearrangements in CRC are trans-

locations onto intergenic regions, one rearrangement was described

as an intragenic event within ROS1. These cases are difficult to assess

with a DNA-based targeted assay alone. FoundationOne uses a hybrid

capture methodology and detects gene rearrangements on the geno-

mic level.25 Obtaining additional resolution on the expression of a

functional fusion protein resulting from these complex rearrange-

ments is challenging.39 Therefore, such cases require careful individual

assessment through complementary approaches including targeted

RNA sequencing and IHC or FISH. No RNA sequencing data or histo-

pathological analyses are available for these samples to positively con-

firm expression of an in-frame functional fusion construct. However,

based on their breakpoints within introns or exons 31 to 35 of ROS1,

we speculate that a significant subset of those alterations might be

pathogenic leading to expression of a functional fusion protein.

As a major difference between our findings and previous reports

on fusion oncogene-driven CRC,1,6,13-15 we find ROS1 rearrange-

ments exclusively in MSS CRC. Previous reports had found a strong

association between fusion oncogenes and tumors with sporadic

microsatellite instability caused by MLH1 promoter hypermethyla-

tion.6,13 However, when performing a case-by-case analysis of the

published data, it is intriguing that ROS1 fusions had been strongly

outnumbered by ALK, RET and NTRK rearrangements in these studies,

and while NTRK and ALK fusions genes clearly showed enrichment in

MSI-H tumors, most if not all of the few reported ROS1 fusions had

actually been found in MSS CRC or tumors with unreported microsat-

ellite status.3,6,13 We interpret our results as representative given that

no ROS1 fusions were identified in more than 2000 MSI-H tumors in

the cohort, making enrichment in this group of tumors highly unlikely.

These findings indicate that ROS1-driven CRCs might in pathobiology

and clinical characteristics differ from other rare fusion oncogenes

in CRC.

The comutational landscape of ROS1 RE+ CRC in our cohort is

largely indistinguishable from ROS1 RE� tumors, with the signifi-

cant analytical limitation that the two cohorts for comparison dif-

fer markedly in size precluding the identification of any subtle

differences. The only significant finding is that ROS1 rearrange-

ments are enriched in KRAS wild type CRC, which is in agreement

with previous reports on CRC fusion oncogenes.6 However, in

contrast to other fusions-driven CRCs, which have almost exclu-

sively been reported in RAS/RAF wild type CRC, we did find a num-

ber of cases of ROS1-rearranged CRC harboring activating

coalterations in KRAS, NRAS and BRAF. It remains unclear, whether

the identified few cases with concomitant ROS1 alterations and

KRAS, NRAS or BRAF mutations are the consequence of intratumor

heterogeneity or represent examples of primary or acquired resis-

tance to targeted treatment, since no treatment data for these

cases is available. The index patient acquired KRAS Q61H at high

allele frequency during treatment with crizotinib and we cannot

rule out that other patients in the cohort had been treated with

ROS1-directed treatment elsewhere.
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F IGURE 3 Molecular landscape of ROS1-fusion-positive CRCs. (A) Frequency of tumors classified as MSI-H, genome-wide loss of
heterozygosity (gLOH) high and TMB-high by FoundationOne test in the ROS1 rearranged vs nonrearranged cohort. (B) Most common concomitant
mutations (SNVs) in ROS1 rearranged vs nonrearranged CRCs; **P = .0029; (C) Difference in relative mutational frequency of concomitant genomic
alterations, enriched in the ROS1 rearranged vs nonrearranged cohort; p values (Fisher's exact test) are shown in the Y axis. CRC, metastatic
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(B)

(C)

(A)

F IGURE 4 Disease course and treatment response to crizotinib in GOPC-ROS1-positive mCRC (index case). (A) CT scans (transversal) showing
disease course along treatment with crizotinib. (B) Results of tumor tissue NGS with FoundationOne CDx assay, confirmation of ROS1 liquid
biopsy NGS with Oncomine Pan-Cancer Cell-free DNA assay before and after acquired resistance. (C) Schematic representation of disease and
therapeutic course. *Oligometastatic progression. amp, amplification; BID, twice daily; CNV, copy number variation; LOH, loss of heterozygosity;
MS-stable, microsatellite-stable; PD, progressive disease; PR, partial response; SD, stable disease; SBRT, stereotactic body radiotherapy; TMB,
tumor mutational burden; VAF, variant allele frequency

(A) (B) (C)

F IGURE 5 ROS1 immunohistochemistry (IHC) and fluorescence in situ hybridization (FISH) of a GOPC-ROS1-positive mCRC (index case).
(A) Negative IHC with monoclonal anti-rabbit antibody D4D6 (Cell Signaling Technology). (B) Positive IHC with monoclonal anti-rabbit antibody
SP384 (Ventana). (C) Negative FISH in GOPC-ROS1 rearranged mCRC. Green dots: 6q22 ROS1 centromeric probe; orange dots: 6q22 ROS1
telomeric probe; overlapping or adjacent green and orange signals: negative result (no break-apart). FFPE, formalin-fixed paraffin embedded;
FISH, fluorescence in situ hybridization; IHC, immunohistochemistry; mCRC, metastatic colorectal cancer
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The high prevalence of intrachromosomal microdeletion within

the identified cohort of ROS1 rearrangements including GOPC-ROS1,

DLBCD-1-ROS1 and MCM9-ROS1 has implications for the diagnostic

approach to screen for ROS1-fusions in CRC. For the index case har-

boring GOPC-ROS1, IHC with ROS1 antibody clone D4D6 stained

negative while antibody clone SP384 stained positive. The short

variant of GOPC-ROS1 has previously been reported to generate

heterogenous results on IHC probably because partial deletion of

epitopes during the recombination events.2 Also ROS1 antibody

clone D4D6 is considered less sensitive than SP384.40 Because of

the small microdeletion on chromosome 6q22.1, FISH remains

consistently false-negative with GOPC-ROS1.31 We therefore

advocate an upfront NGS-based approach to identify rare cases of

ROS1-driven CRC rather than routine IHC screening for ROS1. In

unclear cases, targeted RNA sequencing should complement DNA

sequencing. We restrict comprehensive profiling to mCRCs

without known driver alteration (pan-wild type tumors, diagnostic

algorithm in Figure S3).

Treatment data for ROS1-rearranged CRC are sparse. To our

knowledge, the reported index case is only the second reported case

of molecularly targeted treatment for ROS1-driven CRC.

A recently published manuscript reports a sustained response of a

GOPC-ROS1-positive CRC to entrectinib, ongoing 9 months after

treatment initiation.6 Our patient showed a 15-month response to cri-

zotinib, before disseminated tumor progression occurred. Data on

chemotherapy sensitivity for mCRCs harboring fusion oncogenes are

limited, with a small number of reported cases showing rather poor

responses.1 Our index patient´s tumor was completely refractory to

several lines of standard chemotherapy, as well as treatment with the

molecularly targeted agents bevacizumab and the anti-EGFR antibody

cetuximab. In NSCLC, acceptable response rates (45%-60%) to stan-

dard chemotherapy in ROS1-positive tumors have been

reported.19,41,42 However, in NSCLC, first-line treatment with crizoti-

nib showed superior responses over pemetrexed-based chemother-

apy, as well as prolonged progression-free survival (PFS).43 Current

international guidelines recommend either crizotinb or entrectinib, as

first-line targeted treatment for ROS1-positive NSCLC.17

Acquired resistance to crizotinib in our case was likely driven by

KRAS Q61H, which is, to our knowledge, the first report of acquired

resistance to ROS1-targeted treatment in mCRC. Secondary resis-

tance to ROS1-targeted treatment can develop through secondary

resistance mutations within the kinase domain of ROS1,44 as well as

reactivation of ROS1- effector pathways, including de novo mutations

in the downstream MAPK pathway (eg, KRAS, NRAS, BRAF), KIT or

MET amplifications.19,45-48 KRAS-mutations are a very characteristic

secondary events in mCRC, emerging during molecularly targeted

treatment, both with anti-EGFR- and BRAF-V600E directed ther-

apy.49 Identification of molecular alterations driving acquired drug

resistance can in a subset of cases guide subsequent targeted treat-

ment lines,19,50 which was not the case with our index patient. Due to

the rarity of fusion oncogenes in CRC, any patient should be enrolled

in basket trials such as the TAPISTRY (NCT04589845) whenever

feasible.
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